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prepared and
shipped to laboratories
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The objective of this study was to determine the changes in spectral properties of
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C.	 Storage	 at 25 ° C	 promoted rapid senescence 	 and large changes 	 in spectral
properties.
	 BAP delayed, but did not stop, senescence at 25° C.
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CHANGES IN SPECTRAL PROPERTIES OF DETACHED LEAVES
ABSTRACT
A leaf begins to senesce as soon as it is removed from the plant
and changes in metabolic processes and spectral properties are inevi-
table. If senescence can be delayed for several days without signifi-
cant changes in spectral properties, then samples of leaves at remote 	 1
test sites could be prepared and shipped to laboratories which have
the equipment to measure spectral properties. 	 The objective of this
study was to determine the changes in spectral properties of detached
leaves. Leaves from red birch ( Betula ni ra L.) and red pine ( Pi nus
resinosa Ait . ) were immersed for 5 minutes in water or 0.001 M benzy-
laminopurine (BAP) and stored in plastic bags in the dark at either 50
or 25° C. Total directional-hemispherical reflectance and transmit-
tance of the adaxial surface of birch leaves were measured over the
400 to 1100 nm wavelength region with a spectroradiometer and inte-
grating sphere (LICOR LI-1800). 	 Pine needles we,-2 *aped together and
reflectance of the mat of needles was measured.	 Spectral properties
changed less than 5% of initial values during ttd first week when
leaves were stored at 5° C.	 Storage at 25° C promoted rapid senes-
cence and large changes in spectral properties. BAP delayed, but did
not stop, senescence at 25° C.	 Low temperature was more effective
than BAP in delaying senescence. It appears possible to store leaves
at low temperatures in plastic bags in the dark for several days with-
out sign'.ficantly altering the spectral ,,roperties in the 400 to 1100
nm wavelength region.
2INTRODUCTION
As models have been developed which describe the interactions of
solar radiation with leaves, there has been increased need for accu-
rate and reliable measurements of the spectral properties of leaves.
Many factors affect the spectral properties of leaves, including chlo-
t^+ohyll content (Gausman et al., 1973; Hoffer and Johannsen, 1969;
Knipling, 1970), water content (Sinclair et al., 1971; Thomas et al.,
1971), leaf age (Gausman et al., 1971), and internal structure (Sin-
clair et al., 1971; Gausman et al., 1969). To describe variability of
spectral properties that occur in nature, one must not only select
representative samples but at the same time avoid introducing extrane-
ous variation d.e to the measurement process.
When the spectroradiometer and its accessory equipment are
located near the test site, spectral data of leaves can be acquired
either in situ with leaves attached to the plant or immediately after
removing the leaf from the plant. If precautions to minimize water
loss are followed, then changes in spectral properties of the leaves
probably will be small during the first several hours after excision
(Sinclair et al., 1971; Gausman et al., 1969). However, when the
spectroradiometer cannot be located near the test site, several days
may elapse from the time leaves are removed from the plant until the
spectral properties can be measured_ During this time, significant
metabolic, and possibly spectral, changes can occur. The objective of
this study was to determine the changes in the spectral properties of
detached leaves treated with a cytokinin and stored at different temp-
eratures.
In oat leaves (Avena sativa L.), 	 p •oteolysis may begin within 6
hours and chlorophyll degradation may be evident within 24 hours after
excision (Tet1Av an y Thimann, 1974; Martin and Thimann, 1372). 	 In
wheat leaves (Tritieum aestivium L.)
	 detached for 3 to 4 days, the
cytoplasm, tot.oplast, and cellular organelles 4ere in various stages
of degradation (Hurkr:an,	 1979) .	 Starch deposits in chloroplasts
disappeared and .he i:ltrastructure of chloroplasts, mitochondria, and
other cellular organelles were swollen and distended, indicating loss
of energy (Hurkman, 1979; Thimann, 1980).
Senescence is an active metabolic process and can be affected by
temperature, light, plant hormones, and various other compounds (Thi-
mann, 1980). As temperature of excised oat leaves kept in the dark
for 3 mays increased from 5 0 to 30° C, chlorophyll concentration
decreased rapidly (Tetley End Thimann, 1974). Senescence proceeded at
its maxi,num rate at 30° C.	 At higher temperatures, the rate of chlo-
rophyll degradation decreased until temperatures exceedea 40° C end
thermal e`fects began to cause secondary yellowing (Tetle y
 and Thi-
mann, 1974; Thimann, »80).
_It^LI
3Light delays both proteolysis and chlorophyll degradation, but
the effect of light is readily reversible in the dark (Tetley and Thi-
mann, 1974). Rapid senescence in dark may be due to deprival of
energy (Hurkman, 1979) or to accumulation of abscisic acid (Thimann,
1980). Photoperiod also influences the rate of senescence. For exam-
ple, leaves of Hibiscus rosa-sinensis which senesce in 20 days in
dark, survive to 35 days in hour photoperiods and 45 days in 16-hour
photoperiods (Misra and Biswal, 1973).
Cytokinins delay proteolysis and chlorophyll loss in leaves in
the dark, perhaps by maintenance of a tight coupling between respira-
tion and phosphorylation (Thimann, 1980). Although the relative
activities of the cytokinins vary with plant species, benzylaminopu-
rine (BAP) is generally several times more active than kinetin or zea-
tin (Tetley and Thimann, 1974). Treatment with BAP as preharvest
spray or postharvest dip has been effective in prolonging storage life
of some vegetables (Dedolph et al., 1962) and cut flowers (Heide and
Oydvin, 1969).
When leaves are detached, they begin to senesce and changes in
metabolic processes and physiological and spectral properties are ine-
vitable. However, the rate of senescence can be altered. If senes-
cence can be delayed for several days without significant changes in
spectral properties, then samples of leaves from prints at remote test
sites can be prepared and shipped to laboratories which have the
equipment to measure spectral properties.
4MATERIALS AND METHODS
Experimental Conditions
Two experiments were conducted during 1983 using leaves from red
birch (Betula ni ra L.) and red pine (Pinus resinosa Ait.). In the
first experiment, 0.5 meter apical segments of branches with leaves
fully exposed to the sun on the south side of the trees were cut
within 3 hours of sunrise and the bases of the branches were immedi-
ately placed in water. Within an hour, four whole, fully-expanded
leaves per branch were randomly selected, placed in resealable polye-
thylene bags, ad stored in the dark at 5 0 + 2° C. In the second
experiment, leaves were collected and prepared as in the first experi-
ment, except that the leaves vrere immersed for 5 minutes in either
distilled water or 0.001 M LAP (Heide and Oydvin, 1959')-
	
Afterwards
the leaves were blotted dry with paper towels,
	
placed in resealable
polyethylene bags and stored in the dark at either 5° + 2° C or 25 0 +
3° C.	 On selected days after excision, t'ie leaves were :•emoved from
storage and their spectral properties were measured.
Spectral Data
Total (diffuse and specular) directional-hemispherical reflec-
tance and transmittance of the ada,cial surface of the birch leaves
were measured over the 400 to 1100 nm wavelength region with a spec-
troradiometer and integrating sphere (LICOR LI-1800). 	 The incident
angle of illumination was 5 from normal. 	 An area between the major
veins of each birch laaf was identified and measured each time to min-
imize within-leaf variation in spectral prcp<;rties. 	 Fascicles of red
pine needles were laid next to each other and secured together with
adhesive tape at both ends of the needles.
	
An area in the middle of
each set of needles was identified and only reflectance of the needles
was measured.	 Spectral properties of the leaves were measured 0, 1,
3, 5, 8, 11, and 25 days after excision in the f{ rst experiment and 0,
3, 9, 17, and 23 days after excision in the °econd experiment. All
data were corrected for reflectance of the Fa SO 4 reference surface in
the integrating sphere and expressed in directional-hemispherical
reflectance and transmittance factor units. 	 Absorptance was calcu-
lated as 1.0 minus the sum of reflectance and transmittance. Changes
in spectral properties were calculated as differences and ratios and
plotted as functions of wavelength and time after , excision.
J1
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RESULTS AND DISCUSSION
In the vi j: ble spectral region (400 to 700 .gym), the low reflec-
tance and tra Asmittance and high absorptance (Figs. 1 and 2) of radia-
tion by healthy, green leaves are due to pigments, primarily chloro-
phylls,	 carotenoids, xanthophylls, 	 and anthocyanins (Hoffer and
Johanr_sen, 1969; Knipling, 1970).	 Reflectance and transmittance of
leaves in near infrared (700 to 1100 nm) are high and art related to
internal cell structure of leaves. 	 An important parameter in deter-
mining the level of near infrared reflectance is the number or total
area of air-wall interfaces (i.e., 	 discontinuities in refractive
index) and not the volume of air space (Sinclair et al., 1971). Fac-
tors that change the number of interfaces also change the light-scat-
tering properties of the leaves.
During initial stages of senescence, internal leaf volume may
decrease but the number of interfaces may increase as cell walls deh-
ydrate, split,, and reorient themselves (Sinclair et al., 1971). These
changes increase the radiation diffusing capacity and thus increase
near infrared reflectance of leaves. In advanced stages of senes-
cence, breakdown and deterioration of leaf tissue eventually decrease
infrared reflectance (Colwell, 1956; Knipling, 1970).
In these birch ) waves, no significant changes in reflectance,
transmittance, or abs^-ptance (Fig. 1) were evident within 3 days of
excision, regardless of the treatment. Leaves stored longer than 3
days at 25° C showed marked changes in reflectance and transmittance,
especially in the green (550 nm), red (670 nm), and near infrared (700
and 1100 nm) wavelengths.
	
Reflectarces of the pine needles changed
only slightly during the 23 days (Fig. 2).
Changes in spectral properties of leaves are easily identified
when the spectral property (reflectance, transmittance, 	 or absorp-
tance) on day n is divided by the spectral property on day 0. 	 These
ratios minimize differences in spectral properties among leaves and
accentuate the changes in spectral properties within leaves. For
birch leaves stored at 5° C, reflectance (Fig. 3A), transmittance
(Fig. 4A), and absorptance (not shown) at all wavelengths did not
change more than 10% of the value on day 0 until 9 days after the
leaves were excised from the trees. After 17 days at 5° C, changes in
visible reflectance (Fig. 3A) exceeded 20% of initial values.
For birch leaves stored at 25° C, changes in reflectance (Fig.
3B), and transmittance (Fig. 4B), exceeded 10% of initial values after
3 days. The greatest changes in reflectance (Fig. 3B) after 3 days
occurred in green (550 nm), chlorophyll absorption (670 nm), and near
infrared wavelengths.	 Leaves stored at 25° C for more than 9 days
transmitted almost no visible ( 400 to 700 nm) radiation (Figs. 1 and
4B).	 Transmittance of near infrared (700 to 1100 nm) radiation was
significantly reduced also (Fig. 4B) after 3 days at 25° C.	 Absorp-
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tance of radiation by leaves stored at 25° C increased in the green
and near irfrared wavelengths (Fig. 1) as the leaves aeneseed and
changed from a bright green to a dull olive color. Changes in optical
properties in the visible wavelengths indicate significant chlorophyll
degradation while the changes in near infrared (700 to 1100 nm) indi-
cate alteration of cellular structure.
For the pine n(.edles stored at 5° C, the changes in reflectance
did not exceed 10% of value during the 23 days of the experiment (Fig.
5A).	 Chang-is were greater in the visible than in the near infrared
wavelength (Figs. 5A and B). Even the chAnges in re flectance of the
pine needles stored at 25 ° C (Fig. 5B) were less thar, the changes in
the birch leaves stored at 5° C (F-g. 3A).
The effects o l" these treatments on the spectral properties were
assessed by analysis of variance. Tables 1 and 2 illustrate the sig-
nificance of F-ratio for main effects and interactions at selected
wavelengths. Days after excisiun and storage temperatures were mayor
factors affecting reflectance, transmittance, and atsorptance of birch
leaves (Table 1) and reflectance of pine needles (Table 2). 	 Th y_ main
effect of soaking solution (i.e., water or BAP) or. refleeta:,ee, tran-
smittance, and abeorptanee of birch leaves was significant only in the
red or chlorophyll absorption wavelen gths. For pine needles, the main
effect of soaking solution was generally significant in both the visi-
ble and near infrared wa^ •elengths. BAP tended to minimize ohanges in
leaf spectral properties ^)y delaying senescence, (Figs. 6 to 10) pre-
sumably by slowing chl.r. • ophyll loss (Tetle y and Thima •1 ., 1974) .
When the changes in reflectance, transmittance, and absorptance
of these birch l-fives were examined at four representative wavej-
lengths, the affects of temperature on rate of senescence are evident
(Figs. 6 to 9). Changes in the spectral properties were significantly
smaller for leaves stored at 5° C than at 25° C. Tetley and Thimaun
(1974) reported that senescence, as measured by chlorophyll degrada-
tion or n-amino nitrogen accm ulation, progressed very slowly at 5° C
but proceeded at its maxir :m mate at 26 to 30° C. Thus, for leaves
stored at 5° C, the increases in reflectance and transmittance and
decreases in absorptance at 670 nm (Fig. 7) indicate a gradual loss of
chlorophyll.
Leaves stored at 25° C senesced rapidly and the increases in
reflectance and transmittance at 670 nm (Fig. 7)
	
at 9 days were
greater than those of leaves Stored at 5° C for 23 days.	 however,
after 9 days, transmittance of leaves at 25° C was nil (Fig. 1).
Greater changes in near infrared reflectance, transmitt.;4,ce, and
absorptance occurred in birch leaves stored at 25° C than at 5° C
(Figs. 6 and 9). Radiation scattering in the near infrared X700 to
1300 nm) wavelengths is strongly related to internal leaf structure,
particularly the number of cell wall interfaces (Sinclair et al.,
ft	 .4 --Vdr •_ - 'V	 -
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Table 1. Significance of ?-ratio In analysis of variance for days
after excision (D), storage temperature M. soaking solut•on (S),
and their interactions. Dependent variables were changes in reflec-
tance, transmittance, and absorptance at selected wavelengths for
birch leaves. (n : 60)
Trecteent
Vovelength D T 3 DT TS RISE+ Cv1
nm 1
Reflectance
450 •• • ns •• no 0.025 2.4
500 •• ns no •• no 0.034 1.2
550 •• •• ns •• no 0 066 h.7
60o •• no no •• no 0.070 6.3
650 •• •• no of no 0.058 5.1
670 of to • of no 0.059 5.4
700 •• ns no no no 01100 8.9
750 •• •• no •• • 0.070 7.5
800 of •• no of • 0.066 6.8
850 ns •• • •• • 0.058 5.8
900 ns no no ns • 0.048 4.7
950 of •• no no • 1..039 3.8
1000 Be of no •• • 0.033 3.2
1050 •• •• no of • O.C28 2.7
1100 to of ns •• • 0.024 2.3
Transmittance
450 •• of no to no 0.102 12.8
500 as •• ns to no 0.074 9.1
550 •• of no to no 0.063 8.2
600 •• as no •• no 0.064 7.9
650 of •• no of no 0.06" 7.4
670 of an ns •• ns 0.002 7.2
700 •• of no of no 0.04 8.8
750 of of no of no 0.069 8.2
800 of of no to no 0.068 7.9
850 of s• no of no .:,64 7.2
900 se so 13 to no 0.057 6.4
950 of of no no no 0.052 5.7
1000 of to ns •• no 0.046 5.1
1050 of •• no •• no 0.042 4.5
1100 to of no no O.C39 4.2
Absorptance
450 of of no •• no 0.002 0.2
500 of of no of no 0.004 0.4
550 of of ;1s of as 0.023 2.3
600 •• of no •• r.s 0.014 1.4
650 •• •• no of no 0.005 0.5
670 •• of • •• no 0.003 0.3
700 ns of ns to ns 0.030 3.0
750 of of no of no 0.449 22.8
800 so me ns •• no 0.596 29.0
850 at •• no to no 0.698 36.8
900 to as no •• no 0.801 44.2
950 of of no of no 0.644 43.0
1000 of of no •• no 0.503 35.6
1050 to of no •• r.a G.558 42.3
1100 of •• no of no 0.487 39.5
•,••	 a significant at
	 e a 0.05 and 0.01, respe^.tively.
Root mean 34uare errcr inoludes DS and DTS interactions which were
not significant at a a 0.25.
1 Coefficient of variation i3 RISE divided by the mean
-
s
o " 19 dr r,v	 jll^
12
i
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Table 2. Significance of F-ratio in analysis of variance for days
after excision (D), storage temperature (T), soaking solution (S), and
their interaction. Dependent variables were changes in reflectance at
selected wavelengths for pine needles. ^n = 60)
Treatment
RMSE} CV§Wavelength	 D T S DT TS
nm %
450
	 * ** ns ns * C.043 4.3
500	 *5 of ns * * 0.042 4.1
550	 to ** ** ns ** 0.031 3.0
600	 of ** * ns of 0.036 3.6
650
	
to ** * * to 0.041 4.1
670
	
to ** ns ns ns 0.046 4.5
700
	
to ** ** * 0 0.032 3.1
750	 ** * ** ns ns 0.027 2.7
800	 * ns * ns ns 0.028 2.7
850	 * ns * ns ns 0.02 8 2.8
900	 * ns * ns ns 0.028 2.8
950	 * ns ns ns 0 .028 2.7
1000	 * * * ns ns 0.027 2.7
1050	 * ns * ns ns 0.028 2.8
1100	 ns * * ns ns 0.031 3.0
*,** = significant at a = 0.05 and 0.01, respectively.
t Root mean square error includes DS and DTS interactions which were
not significant at a = 0.25.
5 Coefficient of variation is RMSE dividoA by the mean.
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1971, 1973; Gausman et al., 1969). 	 This pattern of changes in spec-
tral properties is consistent with other metabolic and structural
changes that occur in senescing leaves. 	 Among the first evidences of
cellular degradation is the onset of chloroplast breakdown (Hurkman,
1979). Ultrastructural changes in chloroplast during senescence
include increases in size of osmiophilic globuli, changes in organiza-
tion of internal membranes, swelling of chloroplasts, and loss of
stroma (Hurkman, 1979); Mittelheuser and Steveninck, 1971). After the
tonplas'%; disintegrates, other cell constituents degenerate rapidly, a
process attributed to release of lytic material from the vacuole
(Matile and Winkenbach, 1971). The rapid changes in spectral proper-
ties of leaves stored at 25° C probably occurred during the terminal
stages of senescence as cell membranes disintegrated.
The changes in reflectance at 670 nm were small for pine needles,
averaging less t -M 5% for needles stored at 5` C and less than 10%
for needles stored at 25° C (Fig.	 10A).	 BAP tended to minimize the
changes in reflectance at both temperatures. The arrangement of the
needles in the mats shifted slightly with handling and probably con-
tributed to measurement errors.
The changes in reflectan^_e of the pine needles were smaller in
the near infrared (Fig. 10B) than in the visible (Fig. 10A), indicat-
ing that cellular or structural changes were not occurring as rapidly
as in the birch leaves (Fig. 8). Needles of pine trees typically live
3 to 5 years (Harlow and Harrar, 1969) and thus must survive much more
severe environmental conditions than leaves of deciduous trees such as
birch.
In summary, when leaves were stored at low temperatures (5° C) in
the dark for one week, the changes in optical properties were less
than 5% of the values on day 0. Storage at higher temperatures (i.e-,
25° C.)	 promoted rapid senescence and large changes in optical prop-
erties.	 A prestorage treatment of the leaves with benzylaminopurine
(BAP), a cytokinin, slowed but could not stop senescence at 25° C.
Low temperature was more effective than BAP in delaying senescence.
Thus it appears possible to store leaves at low temperatures in plas-
tic bags for several days without significantly altering the optical
properties in the 400 to 1100 nm region. Because of limitations of
the spectroradiometer, we could not examine the 1300 to 2400 rim region
where optical properties of leaves are dominated by water absorption.
However, spectral properties of turgid leaves may not be significantly
affected until water content decreases to less than 70% (Sinclair et
al., 1971; Gausman et al., 1971; Knipling, 1970) .
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Figure 9. Changes in reflectance (A), transmittance (B), and absorp-
tance (C) of birch leaves at 1050 nm as a function of time after exci-
sion. Solid lines represent leaves soaked in water before storage and
dashed lines represent leaves soaked in BAP.
	 Leaves were stored at
either 5' C (squares) or 25° C (triangles).
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Figure 10.	 Changes in reflectance of pine needles at 670 nm (A) and
750 nm (B) as a function of time after excision.
	 Solid lines repre-
sent needles soaked in water prior to storage and dashed lines repre-
sent needles soaked in BAP.	 Needles were stored at either 5° C
(squares) or 25° C (triangles) .
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